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Sodium-potassium niobate (Na1−xKxNbO3) ceramic pellets, with x = 0.465, 0.470, 0.475, 0.480 and 0.485, were 
prepared by solid state reaction method with double sintering. With varying composition (x), the dielectric properties, X-ray 
diffraction peaks shifting pattern, in this system. Among the prepared compositions, a break in the X-ray diffraction peaks 
shifting tendency; minimum dielectric constant, loss tangent and dielectric conductivity indicate a morphotropic phase 
transition type behavior, at the composition with x = 0.475.   
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1  Introduction 
Sodium potassium niobate (NKN) based lead-free 
ferroelectrics have been intensivelyStudieddue to their 
great potential to replace, lead-based materials for 
many piezoelectric and ferroelectric device 
applications1–5.Solid solutions of ferroelectric 
materials display a composition dependent transition 
region, in their composition phase diagrams, known 
as a morphotropic phase boundary (MPB)6-8 where the 
physical properties are extremal due to the abrupt 
change in crystal structure6. The high 
electromechanical response in this region is related to 
the morphotropic phase transition (MPT)7 because of 
symmetry-allowed polarization rotation9-11 In the 
NKN system, a composition dependent anomalous 
behavior of electrical properties has been reportedly 
observed near the equi-composition mixed12 KNbO3- 
NaNbO3.Raevskii et al.
13 have explained MPT in Na1-
xKxNbO3, on the basis of concentration dependence of 
electrical conductivity, which exhibits minima at 
these concentrations. A break in tendency of the peaks 
shifting in the XRD patterns has also been reportedly 
observed near MPT13-14. On the basis of lattice 
parameters, Tennery et al.14 confirmed the three MPT 
regions, at x = 0.17, 0.325 and 0.475. On the basis of 
dielectric measurements, and X-ray diffraction 
patterns, researchers15-18have reportedly observed the 
MPT region(s), in Na1−xKxNbO3, at the compositions 
with x = 0.17, 0.32, and 0.500.Ye-Jing Dai et al.19 
investigated the influence of the K/Na ratio on phase 
structures and electrical properties of K1−xNaxNbO3 
ceramics with x= 0.48 to 0.54, prepared by 
conventional solid-state reaction method, and 
suggested that a typical MPB exists, at x = 0.52– 
0.525. In the composition- property diagram of solid 
solution systems, near the morphotropic region (MR), 
the ferro-ceramic is a two- or more- phase 
composition and has external electro- physical 
properties20-24.In this study we focused on the 
composition dependence of ferro- electric properties 
of NKN system. Na1−xKxNbO3 (0.460 ≤ x ≤ 0.485) 
ceramic samples were prepared by solid state reaction 
route using double sintering. To investigate the MPT 
region closely, near x = 0.475, measurement of X-ray 
diffraction peaks shifting, dielectric constant, loss 
tangent, dielectric conductivity were carried out in the 
prepared samples. 
 
2  Experimentation 
The preparation method of Na1−xKxNbO3 (0.460 ≤ 
x ≤ 0.485) ceramic pellets, have been described in a 
previous communication17. All the prepared samples 
were taken out from the furnace when it cooled to 
room temperature. Room temperature X- ray 
diffraction patterns of all the prepared samples were 
taken by an X- ray diffractometer (PANalytical, 
X’PERT PRO), using Cu Kα1 radiation of wavelength 
1.5405980 Å radiation, in a wide range of 2θ (20° < 
2θ < 70°) at a scanning rate of 6°/min. Surface 
morphology and grain size of the prepared samples 
were studied using a scanning electron microscope 
(CARL ZEISS, MA15/EVO18). Sintered pellets were 
electroded, with air drying silver paste, in metal- 
insulator- metal (MIM) configuration, for ferro- 
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electric measurements. Dielectric constant (K), loss 
tangent (tan δ) and dielectric conductivity (σ) of the 
prepared samples were measured, in MIM configuration, 
by RLC meter (Fluke, PM 6306), in the frequency range 
from 1 KHz to 1 MHz, at different temperatures.  
 
3  Results and Discussion 
The observed XRD patterns of the prepared Na1-
xKxNbO3 pellet samples of different compositions (x 
values) are shown in Fig. 1. The XRD patterns show 
polycrystallinebehavior of the prepared samples, and 
have been found in good agreement with the 
Inorganic Crystal Structure Database - (ICSD) (00-
061-0309) data of Na0.525K0.475NbO3 with peaks 
corresponding to (100), (101), (200), etc. In the 
observed composition range (0.460 ≤ x ≤ 0.485),  
a continuous shifting of the most intense peaks,  
(100), (010) and (110) was observed, with  
varying potassium concentration (x value), 
Fig. 2. For compositions with x ≤ 0.475, these peaks 
were observed were observed shifting to higher angles 
with increasing x, and for the compositions with x > 
0.475, these peaks were observed shifting to lower 
angles with increasing x, showing a break in the peak 
shifting patternat the composition with x = 0.475. A 
break in the peak shifting tendency was observed, in 
Na1-xKxNbO3, near the compositions with x = 0.175, 
0.32, and 0.0.50015-18.  
The cell parameters were refined by High Score 
Plus software, using the Rietveld method and the 
background was modeled using the Legendre 
polynom and the peaks’ profiles were refined using a 
pseudo-Voigt function25-26. The chosen space group 
for these refinements was monoclinic Pm6 27. 
Observed variation of the cell parameters with 
composition (x) has been shown in Fig. 3. At room 
temperature all the compositions exhibited a 
monoclinic metric of the unit cell with a small 
monoclinic distortion (90.30 ≤ β ≤ 90.34).  
Figure 4 shows the observed scanning electron 
micrographs (SEM) of the prepared samples. The 
SEM photographs show that the prepared samples 
own an average grain size of about 3.99 µm but a few 
have large grains that exceed 8 µm. Variation of the 
average grain size with composition is shown in  
Fig 5. Average grain size was found maximum (6.429 
µm) for the composition with x = 0.460, and 
minimum (2.73 µm) for x = 0.475, among the 
prepared samples. Composition (x) variation of 
density of the prepared samples is shown in Fig. 5. 
Density of prepared samples is minimum 2.87 g/cc, 
for x = 0.0.480 and maximum for 3.38 g/cc, for x = 
0.460 (63 to 75% of theoretical value).The density 
and porosity greatly affect the dielectric properties of 








Fig. 2 − XRD patterns of Na1-xKxNbO3 (0.460 ≤ x ≤ 0.485), 




Fig. 3 − Variation of lattice parameters, and c/a ratio with
composition in Na1-xKxNbO3 (0.460 ≤ x ≤ 0.485). 




intermediate dense, among the prepared compositions, 
Fig. 5. The process of grain growth and densification 
during sintering requires material transport, which 
may occur via surface diffusion, grain boundary 
diffusion, lattice diffusion, viscous flow and 
evaporation30. The two stage sintering was used to 
activate different sintering mechanisms in different 
temperature ranges, and to enhance densification 
mechanism and inhibiting grain growth. But no 
improvement in density and microstructure was 
observed using this method. Chen et al.31 reported 
similar observations for two- stage sintered NKN 
ceramics. Surface diffusion is the dominating 
sintering mechanism, in the NKN ceramics30. The low 
activation energy of surface diffusion results rapid 
grain growth during initial sintering stage, which 
contributes to the coarsening of the grains. This early 
grain growth reduces the driving force of sintering 
before the sample reaches main sintering stage, which 
results poor densification32- 33. The low activation 
energy of surface diffusion may be related to the low 
lattice energy of NKN ceramics30. Moreover, the 
material diffusion path is also determined by different 
defects present in the ceramic. The fraction of grain 
boundaries, free surfaces and lattice atoms change 
during sintering and modify contribution of different 
mechanisms. Also the diffusing species are ions of 
different charges with different diffusion rates. Each 
species of ion may have different diffusion paths, 
diffusion rates and different vapor pressures, and their 
resultant effect may be attributed to the observed 




Fig. 4 − SEM Photograph of prepared Na1-xKxNbO3 (0.460 ≤ x ≤ 0.485) samples. 
 




Table 1 shows the observed energy dispersive X-
ray analysis (EDAX) results of the prepared samples. 
The compositions dependent escaping of alkali (Na 
and K) ions has been given in Fig. 6. A significant 
escaping of alkali (Na and K) ions was observed in 
the sintered samples, with a minimum for the 
composition with x = 0.460 Fig. 6. Among the 
prepared compositions, for the all samples escaping of 
K was observed higher than the Na ions, which may 
be due the higher equilibrium vapor pressure of 
potassium over NKN than that of sodium34. 
At room temperature (RT), the observed 
composition (0.460 ≤ x ≤ 0.485) dependence of 
dielectric constant (K), loss tangent (tan δ) and 
dielectric conductivity (σ), at different frequencies, 
has been given in Figs.7-9. Generally, dielectric 
constant and loss tangent were observed decreasing 
and dielectric conductivity increasing with increasing 
frequency, for all the prepared compositions. These 
observations are in good agreement with the earlier 









Observed Calculated Escaping of 
Na and K Na K Nb O  Na K Nb O 
0.460 9.33 7.33 20.31 63.03 10.8 9.2 20 60 3.34 
0.465 8.67 7.01 19.09 65.22 10.7 9.3 20 60 4.32 
0.470 9.13 6.74 18.72 65.41 10.6 9.4 20 60 4.13 
0.475 8.47 6.98 18.70 65.84 10.5 9.5 20 60 4.55 
0.480 8.47 6.46 17.48 67.59 10.4 9.6 20 60 5.07 
 




Fig. 5 − Variation of grain size, and density with composition (x), 




Fig. 6 − Variation of escaping of Na and K (atomic %) with 




Fig. 7 − Variation of dielectric constant (K) with frequency, in




Fig. 8 − Variation of dielectric loss (tan δ) with frequency, in Na1-
xKxNbO3 (0.460 ≤ x ≤ 0.485). 





composition (0.460 ≤ x ≤ 0.485) dependence of K, tan 
δ and σ, at different temperatures, has been shown in 
Figs. 10 and 11. K, tan δ and σ of all the prepared 
compositions were found increasing with increasing 
temperature, in the measured range. For all the 
measured temperatures, a drastic minimum in K, tan δ 
and σ indicates an MPT, at the composition with  
x = 0.475. The observed composition dependence of 
K, tan δ and σ, at different frequencies, at RT, has 
been shown in Figs. 12 and 13. Again, for all the 
measured frequencies, a drastic minimum in K, tan δ 
and σ, at the composition with x = 0.475, indicates a 
strong feature- the morphotropic transition driven by 
the composition rather than frequency or temperature. 
On the basis of concentration dependence of electrical 
conductivity Raevskii et al.13 explained the MPT, 
which exhibits minima at these concentrations, in Na1-




Fig. 9 − Variation of dielectric conductivity (σ) with frequency,




Fig. 10 − Variation of dielectric constant (K) and dielectric loss
(tan δ) with composition (x), in Na1-xKxNbO3 (0.460 ≤ x ≤ 0.485),




Fig.11 − Variation of dielectric conductivity (σ) with composition





Fig. 12 − Variation of dielectric constant (K) and dielectric loss
(tan δ) with composition (x),in Na1-xKxNbO3 (0.460 ≤ x ≤ 0.485), 




Fig.13 − Variation of dielectric conductivity (σ) with composition 
(x), in Na1-xKxNbO3 (0.460 ≤ x ≤ 0.485), at room temperature. 




anomaly and the escape of alkali ions may be held 
responsible for the observed dielectric properties of 
Na1-xKxNbO3 (0.460 ≤ x ≤ 0.485) system. Due to the 
presence of increased non-ferroelectric low 
permittivity grain boundaries dielectric constant, 
generally, decreases with decreasing grain size39. The 
loss decreases due to the reduction in the number of 
grain boundaries with increasing grain size. 
Moreover, the interplay of porosity, grain size, liquid 
phase presence, ordering, etc. may be held responsible 
for the observed ferro- and piezo-electric properties in 
these perovskite ceramics. 
The ABO3 perovskites may have two types of 
defects, viz., vacancies at A- site, and vacancies at O- 
site21, and there is no concrete evidence of vacancies 
reported at B- site. These vacancies contribute 
significantly to the electrical properties15-19. With 
isovalent substitution of K at Na site, antiferroelectric 
NaNbO3 becomes ferroelectric, at room temperature, 
resulting increased effective polarization and thereby 
increase in conductivity, in general, however, near 
MR it is observed markedly low. In these oxides the 
conduction process may be explained on the basis of 
the majority of acceptor or donor concentration.In 
pure NaNbO3, n-type conductivity is more probable
29-
30,and the same seems to be true for the Na1-
xKxNbO3system; with increasing K concentration A-
site vacancies decrease, due to the less volatile nature 
of K than Na.And thus, in general, the conductivity 
ofNa1-xKxNbO3increases with increasing K 
concentration7.This can be understood by the fact that, 
in n-type material, electrons will be available in the 
conduction band, with decreasing A-site vacancies 
(which are acceptors) a lower number of electrons 
will be captured and more electrons will be available 
in the conduction band, and that way it results an 
increase in conductivity. An increase in the A-site 
vacancies leads to more electrons being captured, and 
hence reducing the number of electrons in the 
conduction band, and results a decrease in 
conductivity.In the n-type samples, with compositions 
near the MR, an increase in the A-site vacancies leads 
to minimum conductivity. Similar observations have 
been reported for different systems11.The structural 
anomaly, as observed from the X-raymeasurements, 
may also be held responsible for the minimum values 
of the dielectric constant, loss tangent, and dielectric 
conductivity of the samples withx =0.475,among the 
prepared compositions. In the case of p-type 
conductivity, an increase in the A-site vacancy 
concentration, for the compositions near the MR, 
must result in increased conductivity. In the p-type 
ceramics, for the compositions near the MR, a distinct 
conductivity maximum has been reportedly 
observed31. 
Dielectric constant is, generally, found increased 
with increasing density of the ceramics. Presently 
density was found high and dielectric constant 
minimum, for the composition with x = 0.0475, 
among the prepared samples; which indicates that the 
occurrence of morphotropic phase is more dominating 
than the increased density contribution. Effect of 
grain size was also observed meager. Decrease in A- 
site vacancy concentration with a n- type conduction, 
and structural anomaly may be held responsible for 
the observed minimum values of the dielectric 
constant, loss tangent, and dielectric conductivity of 
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